Wild-type and gene 3 mutant filamentous phage stocks, containing different relative amounts of multiple-length particles. were treated exhaustively with DNase and then were highly purified. The phage DNA was extracted and examined by electron microscopy. In all cases, about 0.03% of the molecules were circular dimers. 3H-labeled phage DNA was separated as to size by sedimentation in a preformed CsCl density gradient. Individual fractions were then examined in the electron microscope, and the percentage of linear and circular monomer and dimer DNAs was determined. A peak of double-length, circular molecules (with the expected sedimentation constant of 38S) was found ahead of the 24S monomer peak. The double-length molecules had been purified 65-fold. As previously found for single-stranded DNA, the contour length of these molecules was strongly dependent upon ionic strength. Possible artifacts were ruled out, and it was shown that the double-length molecules arose from phage particles.
Wild-type and gene 3 mutant filamentous phage stocks, containing different relative amounts of multiple-length particles. were treated exhaustively with DNase and then were highly purified. The phage DNA was extracted and examined by electron microscopy. In all cases, about 0.03% of the molecules were circular dimers. 3H-labeled phage DNA was separated as to size by sedimentation in a preformed CsCl density gradient. Individual fractions were then examined in the electron microscope, and the percentage of linear and circular monomer and dimer DNAs was determined. A peak of double-length, circular molecules (with the expected sedimentation constant of 38S) was found ahead of the 24S monomer peak. The double-length molecules had been purified 65-fold. As previously found for single-stranded DNA, the contour length of these molecules was strongly dependent upon ionic strength. Possible artifacts were ruled out, and it was shown that the double-length molecules arose from phage particles.
Multiple-length, circular, double-stranded DNA has been found in many organisms, both eukaryotic and prokaryotic (5, 9, 11, 18, 19) . The origin of these molecules is often attributed to errors in DNA replication (7) . In the case of iX174 double-length replicative form DNA, there is evidence for this hypothesis (2, 8) and for the hypothesis that some of the dimers arise through recombination (6, 8) .
After infection of Escherichia coli by icosohedral (19) or filamentous (10) phage containing single-stranded circular DNA, multiple-length double-stranded circular DNAs are found. Thus, one could ask if these multiple-length replicative forms are sometimes converted to multiple-length single-stranded DNAs. If synthesized, such DNA would not be expected to be packaged in icosohedral phage particles since only a "headful" of DNA can be incorporated (23) . The discovery of multiple-length filamentous phage particles (16, 22) which could accommodate multiple-length single-stranded circular DNA prompted a search for such molecules. However, none were found (21) . Using refined electron microscopic techniques (4, 13, 14) , we now report the discovery of such molecules in filamentous phage and their partial purification on CsCl velocity gradients.
MATERIALS AND METHODS
All filamentous phage were grown on E. coli K37 F+su+ (17) , whereas 4X174 phage were propagated on E. coli C.3H-labeled filamentous phage was isolated from infected culture containing 250 ug of deoxyadenosine per ml (3) and 1 VCi of [3H]thymidine per ml.
The phage purification procedure was modified from Yamamoto et al. (24) by treating all crude lysates with 1 jig of pancreatic DNase per ml for 6 h at 4 C; this treatment was repeated at 25 C in 0.02 M Mg acetate buffer (pH 6.8) before the CsCl buoyant density centrifugation step (if the DNase treatments were omitted, contaminating host DNA could be found in the phage DNA electron micrographs). Twenty to sixty percent of the optical density at 260 nm could be accounted for by infective filamentous phage; 30% of the optical density at 260 nm was accounted for by infective kX174 phage.
Phage DNA was isolated after incubation with 1% sodium dodecyl sulfate or 2.5% Sarkosyl 90 (Geigy), followed by at least three extractions with redistilled phenol. Phenol was removed by dialysis, and the DNA was stored in 0.01 M sodium phosphate buffer, or 0.1 M Tris buffer, pH 7.6, containing 1 (21) .
Filamentous bacteriophages were prepared for electron microscopy by the diffusion method (4, 14) , using 0.2 M ammonium acetate as the bulk solution. After unfolding in the presence of formaldehyde and dimethylsulfoxide, phage-extracted DNA was also prepared for electron microscopy by the diffusion method. CsCl gradient fractions, containing very low concentrations of DNA (less than 0.01 tg/ml), were prepared for electron microscopy by using a modification of the drop diffusion method of Lang (13) .
After shadowing with platinum, the preparations were examined in a Siemens Elmiskop IA or an Hitachi HU-11E. The phage particles or DNA molecules were counted on the fluorescent screen by scanning nonoverlapping fields. Quantitative evaluation of the electron micrographs and length measurements were performed as described previously (4, 14) .
In Fig. 1 and 4 . The percentages of double-length circles are thus lower limits. Crossedstrand double-length circular molecules are listed separately (see Table 2 ).
RESULTS
An examination of wild-type filamentous phage stocks showed that they contained between 0.2 and 0.3% double-length particles (Table 1) . When the amber mutant phage stock 3-H5 was examined, 21% of the particles were of multiple lengths (Table 1 ; Fig. 1 ) as expected from the results of Pratt et al. (16) .
When DNA was extracted from the various phage stocks, 0.02 to 0.05% of the molecules were double-length circles (Table 1 ). Figure 2 shows an example of such a double-length molecule. Eleven double-length circular molecules were found in the filamentous phage DNA preparations; however, none were found among the 30,000 OX174 phage DNA molecules examined (Table 1) .
Since a total of only eleven double-length DNA molecules were observed after direct extraction from filamentous phage (Table 1) , further purification and characterization of these molecules was attempted in order to firmly establish their existence in phage particles. 3H-labeled wild-type fd phage DNA was sedimented on a neutral CsCl velocity gradient; after determining the radioactive peak of circular monomer phage DNA (Fig. 3) , individual fractions of the gradient were examined by electron microscopy. Since the absolute concentration of DNA could not be determined by this technique, the percentage of double-length circular molecules was measured for each fraction (Fig. 3) . When a peak of such molecules is reached, one expects a constant, high percentage of double-length circular molecules which should not change further for the faster sedimenting fractions. Indeed, Fig. 3 shows that a constant 1.95% of the DNA molecules were double-length circles from fraction 15 to fraction 12. The peak position of the double-length circles at fraction 15 corresponds to an S value of 38, exactly as predicted by Salivar et al. (21) . Furthermore, the 1.95% of double-length circles in fractions 15 to 12 represents a 65-fold purification of these molecules over the 0.03% found in phage DNA before CsCl velocity sedimentation (Table 1 ). Figure 4 , showing two adjacent double-length DNA circles from the gradient, underscores this purification. Table 2 presents a detailed distribution of the relative frequency of six different kinds of DNA molecules found in fractions 25 to 12 in the CsCl velocity gradient of Fig. 3 : double-length circles, double-length crossed circles ("figureeights"), double-length linear molecules, monomer circles, monomer linear molecules, and contaminating double-stranded DNA. The following facts are apparent from this tabulation. (i) A total of 129 double-length circles was observed just in the analysis of this CsCl gradient.
(ii) Although changing salt concentrations affected contour lengths by as much as 11%, the length of the dimer circles was almost exactly twice the length of the monomer circles within each fraction. (iii) No double-length circles were observed in the monomer peak or ahead of this peak until fraction 21. (iv) Double-length crossed circles ("figure-eights") were found in a peak closely following the completely unfolded dimers, indicating that many are not artifacts due to the juxtaposition of two monomer circles. Thus, the true percentage of circular dimers in fd+ phage DNA may be as high as 0.06%. Another experiment was conducted to confirm that the circular dimers were singlestranded, and not double-stranded, DNA. The contour lengths of circular monomer and dimer DNA from fraction 19 of the gradient (Fig. 3) were measured at three different ionic strengths. Table 3 shows that the contour lengths of both kinds of molecules changed by 15 and 24% when compared at salt concentrations of 0.1, 0.15, and 0.2 M. This parallels the change in contour length found for singlestranded DNA by Bujard (4). Lang et al. (14) showed that there is no more than a 2% change in length of double-stranded DNA at these salt concentrations.
Finally, a remote possibility remained that the double-length DNA circles were in reality linear DNA molecules generated by a unique single-strand break and converted nearly quantitatively to a circular dimer form by annealing of cohesive ends in the high salt CsCl velocity gradient. To rule out this possibility, DNA directly from fraction 19 of the gradient (Fig. 3) was incubated with 0.1 N NaOH for 10 min at room temperature to disrupt any cohesive ends, then was diluted and prepared for electron microscopy. (Table 1) , it was necessary to rule out several possible artifacts which might accidentally generate these molecules during isolation and electron microscopy. A possible electron microscopic artifact is the fortuitous end-to-end juxtaposition of two linear single-length molecules to apparently form a double-length circle; this is ruled out by comparing the frequency of double-length linear molecules with the frequency of double-length circular molecules across the CsCl gradient. The former would have two ends touching, the latter four ends touching. Thus, if the circular dimers were an artifact, they would occur much less frequently than linear dimers. In fact, the detailed data of Table 2 show that linear dimers are 16 times less frequent than the circular dimers, eliminating this hypothesis.
Another hypothesis postulates that the circular dimers were actually formed by two circular monomers broken at the same site and then reannealed to form circles by their cohesive ends in the high salt environment of the CsCl gradient. If this were the case, alkaline denaturation of the circular dimers should cause their conversion to linear molecules; however, sion to phage particles during the phage isolation procedure. This appears most unlikely since the phage were treated exhaustively with pancreatic DNase both in the crude lysate and before the CsCl buoyant density gradient centrifugation step. Furthermore, Table 2 shows that no double-stranded DNA was observed in the fractions examined after CsCl velocity sedimentation of the phage DNA. Since doublestranded host DNA and double-stranded phage DNA are the predominant species in the infected cell, one would expect these as contaminants along with the circular single-stranded dimers from the host cell.
Further evidence supporting the existence of circular single-stranded DNA dimers in filamentous phage comes from the following facts: a total of 160 such molecules in a completely spread configuration have now been observed in electron micrographs (see Tables 1 and 2 and Fig. 2 and 4) . After CsCl velocity sedimentation, the dimer molecules were found in a sharp peak with the expected S value of 38 (21) and no dimer molecules were observed in the monomer peak ( Fig. 3 and Table 2 ). The latter result also supports the single-stranded nature of the dimer DNA, since under the conditions employed in our gradient double-stranded relaxed phage DNA monomers would have an expected S value of 21 (fraction 29, Fig. 3) , as opposed to an S value of 33 (fraction 19, Fig. 3 ) for double-stranded relaxed DNA dimers.
Final proof of the single-stranded nature of the dimer DNA comes from the dependence of contour length on ionic strength (Table 3) : the contour length is changed by 15 (22) showed that multiple-length particles of filamentous phage exist; they are present in wildtype stocks at a frequency of about 0.3% (Table  1) If the double-length DNA circles are contained in the rare double-length phage particles, isolation of these phage free of normallength phage should provide an opportunity to obtain pure double-length single-stranded circular DNA. Both column chromatography (21) and polyacrylamide gel electrophoresis (1) have been used to obtain pure double-length phage stocks; CsCl velocity sedimentation of DNA extracted from these phage should yield pure double-length circles. Once this purified DNA is available, its fate may be examined by looking at the progeny phage produced after single transfection of spheroplasts. Where such experiments have been conducted with doublestranded SV40 circular DNA (12) , doublelength molecules generated double-length progeny DNA. Rush and Warner (20) 
